4%,4%-dimethylspiro (5h-cholestane-3,2%-oxazolidin)-3%-yloxy (IK-1) and 7h,12h-dihydroxy-4%,4%-dimethylspiro (5i-cholan-24-oic-3,2%-oxazolidin)-3%-yloxy acid (IK-2), two stable steroidic nitroxyl radicals, were newly synthesized and tested as possible inhibitors of lipid peroxidation, induced by Fenton's reagent in both rat liver microsomes and egg phosphatidylcholine liposomes. The inhibitory activity, evaluated through the formation of thiobarbituric acid reactive substances (TBARS) and the conjugated diene, was compared with that of h-tocopherol and 2,2,6,6-tetramethylpiperidine-1-yloxy (TEMPO). In each model system IK-1 and IK-2 exhibited an IC 50 of 8 vM and reduced the formation of TBARS and conjugated diene, showing IK-1 a potency comparable to h-tocopherol and higher than TEMPO. Moreover IK-1 and, to a lesser extent IK-2, reduced the lipid peroxidation induced in the microsomes by the water-soluble azo-initiator 2,2%-Azobis (2-methylpropionamidine) dihydrochloride (AMPH), indicating the IK-1 and IK-2 ability as chain-breaking antioxidants. The hydroxylamine 4%,4%-dimethylspiro (5h-cholestane-3,2%-oxazolidin)-3%-hydroxide (IK-3), obtained by chemical reduction of IK-1, was completely inactive as an inhibitor of lipid peroxidation in heat pre-treated microsomes and in liposomes. However in microsomes it was active since it was oxidized to the corresponding nitroxyl radical IK-1. © 1997 Elsevier Science Ireland Ltd.
Introduction
Oxygen free-radicals and metabolites that derive from lipid peroxidation are implicated in various cell injuries and in many pathological situations (Halliwell et al., 1992; Esterbauer et al., 1993) . Thus many studies have been focused on selecting antioxidants able to prevent free-radical damage. Some of these have shown that simple nitroxyl radicals, previously used as spin labels for electron spin resonance spectroscopy, are able to inhibit lipid peroxidation in various ways. In fact these nitroxyl radicals react with, and dismutate, superoxide radical anions (O 2 − ) in a catalytic fashion that mimics that of superoxide dismutase (Mitchell et al., 1990; Samuni et al., 1991) , competing with H 2 O 2 in the oxidation of Fe 2 + ions (Voest et al., 1994) and preventing hydroxyl radical (OH ) formation (Gelvan et al., 1991) . However some of these simple nitroxyl radicals show, together with these favourable effects, undesirable properties like negative chronotropy and anaesthetic effects that prevent their use in pharmacology (Gelvan et al., 1991) . Thus, some authors have devoted their efforts to finding new radical scavengers and, considering that membrane compartments are the principal peroxidation site, have searched for new lipophilic nitroxyls which, on interacting with biomembranes, could accumulate in this specific site. As a result of this research, some non cytotoxic stearic acid derivates binding a nitroxyl radical (doxyl stearates) have been found capable of reducing lipid peroxidation, acting as chain-breaking antioxidants in microsomes (Ankel et al., 1987; Nilsson et al., 1989; Miura et al., 1993) .
As part of a wider program devoted to studying various aspects of lipid peroxidation (Allevi et al., 1995a,b) now we report that 4%,4%-dimethylspiro (5h-cholestane-3,2%-oxazolidin)-3%-yloxy (IK-1) and 7h,12h-dihydroxy-4%,4%-dimethylspiro (5i-cholan-24-oic-3,2%-oxazolidin)-3%-yloxy acid (IK-2), two newly synthesized stable and lipophilic steroidic nitroxyl radicals derived from cholestane and cholic acid respectively, decrease lipid peroxidation in microsomes and liposomes subjected to artificial peroxidation. In the presence of a microsomal enzymatic system the hydroxylamine 4%,4%-dimethylspiro (5h-cholestane-3,2%-oxazolidin)-3%-hydroxide (IK-3) derived from IK-1, is transformed into the parent nitroxyl compound and thus affords protection against radicals.
Experimental procedures

Laboratory materials
2,2,6,6-Tetramethylpiperidine-1-yloxy (TEMPO), butylated hydroxytoluene (BHT), 2,2%-Azobis (2-methylpropionamidine) dihydrochloride (AMPH), 5h-cholestan-3-one and h-tocopherol were obtained from Aldrich (Milwaukee, WI). Trichloroacetic acid (TCA), thiobarbituric acid (TBA) and all reagents were purchased from Sigma (St. Louis, Mo). Xanthine (Xan), butter milk Xanthine Oxidase (XO) (0.4 U/mg protein) and phosphatidylcholine from dried egg yolk were from Fluka Chemika (Buchs, Switzerland).
Melting points (mp) were determined on a Bü chi 510 capillary melting point apparatus and are uncorrected.
1 H NMR spectra were obtained on a Bruker AM-500 instrument for solutions in CDCl 3 at 303 K and are reported in l units relative to CDCl 3 fixed at 7.24 ppm. Thin-layer chromatographic analysis (TLC) was carried out on silica gel HF 254 microplates to monitor reaction progress. Spots were visualized by spraying the developed plates with 70% sulfuric acid solution followed by heating for 5-10 min at 110°C. High-performance liquid chromatography (HPLC) analysis was performed on a Jasco twinkle pump system, a VL 614 variable-loop injector with a 20 vl sample loop and on a Uvidec 100 II. The recorder was a Shimadzu C-R 3A Chromatopac. The HPLC analysis for IK-1 detection was carried out on an Apex Octadecyl 5U column (15 cm, 3 vm, 0.46 cm i.d.) (Jones Chromatography, UK) using methanol as the mobile phase; the flow rate was 1 ml/min and detection was performed at 250 nm instead of 232 nm (maximum absorbance of IK-1) to reduce phospholipid interference. The UV assay was carried out with a Perkin Elmer Lamda11 recording spectrophotometer (PerkinElmer GmbH, Germany). Fig. 1 . Synthesis of 4%,4%-dimethylspiro (5h-cholestane-3,2%-oxazolidin)-3%-yloxy (3a: IK-1) and 7h,12h-dihydroxy-4%,4%-dimethylspiro (5i-cholan-24-oic-3,2%-oxazolidin)-3%-yloxy acid (IK-2).
2.2. Synthesis of 4%,4%-dimethylspiro (5h-cholestane-3,2%-oxazolidin)-3%-yloxy (3a: IK-1) and 7h,12h-dihydroxy-4%,4%-dimethylspiro (5i-cholan-24-oic-3,2%-oxazolidin)-3%-yloxy acid The introduction of the doxyl moiety into the steroidic nucleus of cholestane or cholic acid was done by the following two-step general procedure (Fig. 1) . A solution containing the steroidic ketone 1a or 1b (7.8 mmol), 2-amino-2-methylpropan-1-ol (2 ml; 21 mmol) and p-toluensulfonic acid (20 mg) in toluene (150 ml) was refluxed for 48 h with continuous water removal by means of a Dean-Stark trap. The solution was then cooled, washed with saturated aqueous NaHCO 3 solution and dried over MgSO 4 . The solvent was eliminated under reduced pressure to afford a crude residue, an inseparable mixture of epimers that showed the appropriate physico-chemical properties and that was used in the successive reaction without purification. Starting from 5h-cholestan-3-one 1a, we obtained 2a (3.28 g, 92% yield): mp 123-125°C (from methanol), (Lit.: 124-125°C) (Keana et al., 1967) NO: C, 81.34, H, 12.11, N, 3.06; found: C, 81.20, H, 11.95, N, 3.15 . Starting from methyl 7h,12h-diace- toxy-3-oxo-5i-cholan-24-oate 1b, prepared as described (von Grand and Reichstein, 1945) To a solution of the appropriate oxazolidine (2a or 2b; 6.13 mmol) in diethyl ether (100 ml), m-chloroperbenzoic acid (1.27 g; 7.36 mmol) dissolved in diethyl ether (50 ml) was added dropwise at 0°C. The resulting solution was stirred at room temperature for 120 min. Then the organic layer was washed with saturated aqueous NaHCO 3 solution and dried over Na 2 SO 4 . The removal of the solvent under reduced pressure afforded the crude nitroxyl derivative which was purified by rapid chromatography (Still et al., 1978) . The title compound 3a (IK-1) was obtained in 68% yield (hexane/ethyl acetate, 100:10 v/v): mp 174-176°C (from methanol) (Lit.: 175 -176°C) (Keana et al., 1967) . The 1 H NMR spectrum of this compound showed, however, considerable line broadening, as expected for the paramagnetic nitroxyl moiety present. A well resolved, informative 1 H NMR spectrum was obtained by reducing, in situ, the CDCl 3 solution of 3a with 1.5 equivalents of phenylhydrazine (Lee and Keana, 1975 The protected compound 3b was obtained in 70% yield (hexane/ethyl acetate, 60:40 v/v). To obtain IK-2, the protected compound 3b (342 mg, 0.58 mmol) was dissolved in methanol (30 ml) and treated with a KOH methanolic solution (5 M, 9 ml) at reflux for 30 min. The solution was cooled at room temperature and concentrated (up to 5 ml) under reduced pressure. After addition of cold water (10 ml), the mixture was acidified with 5 N HCl and extracted with trichloromethane (2× 10 ml). The organic layer was washed with water and dried over Na 2 SO 4 . The evaporation of the solvent under reduced pressure afforded the title compound IK-2 (254 mg, 89% yield).
1 H NMR was recorded after reduction, in situ, by addition of 1.5 equivalents phenylhydrazine.
1 H NMR: l 3.77 (1H, d, A part of AB system, J 9.0 Hz, 5%-H), 3.70 (1H, d, B part of AB system, J 9.0 Hz, 5%-H), 
Preparation of
The compound 3a (IK-1) (47 mg; 0.1 mmol) in ethyl acetate (30 ml) was shaken with a saturated aqueous solution of Na 2 S 2 O 5 (50 ml) until the disappearance of the starting compound (Fig. 2) . The reaction was monitored by TLC, (hexane/ ethyl acetate, 80:20 v/v) . After separation the organic layer was washed with water, dried over Na 2 SO 4 and the solvent evaporated under reduced pressure, this gave a crude product which was purified by rapid chromatography (hexane/ethyl acetate, 100:10 v/v) to afford IK-3 (40 mg). The 1 H NMR spectrum of IK-3 was identical to that of the phenylhydrazine reduced product of 3a and hence is not reported here separately.
Phospholipid liposomes and rat li6er microsomes preparation
Heterogenic multilamellar phosphatidylcholine liposomes were prepared immediately before the experiments by dissolving phospholipids in dichloromethane (CH 2 Cl 2 ) and removing the solvent under vacuo. The dried lipid film was hydrated with 5 mM Tris -HCl buffer (pH 7.4) containing 150 mM NaCl (buffer A), by vigorous shaking for 2 min. The final liposome solution contained 13 mg phospholipids/ml. In preliminary experiments the test compounds were also added, dissolved in CH 2 Cl 2 , to phospholipids before liposomal preparation.
Liver microsomes were obtained from male Sprague-Dawley rats (Charles River) by differential centrifugation as previously described (Benedetti et al., 1982) . The microsomes were washed and resuspended in 50 mM Tris -maleate buffer (pH 7.4) containing 150 mM KCl, to a final concentration of 6.2 mg protein/ml, and stored at −70°C. They were used after appropriate dilution with buffer A to obtain a microsomal protein content corresponding to 1.5 mg protein/ ml. The microsomal protein concentration was determined as reported (Bradford, 1976) .
Lipid peroxidation induction
The reaction mixture contained in a final volume of 4 ml: buffer A, 0.6 ml liposomes (8 mg phospholipids) or 2.7 ml microsomes (4 mg protein). This mixture with and without test compounds, dissolved in ethanol (20% final concentration), was preincubated and then lipid peroxidation was induced by adding Fenton's reagent (100 vM FeSO 4 and 50 vM H 2 O 2 ) to generate OH , or 50 mU/ml XO and 1 mM Xan to enzymatically generate anion superoxide radicals (Fridovich, 1970) or 8 mM AMPH, a water soluble azo-initiator generating peroxyl radicals (Niki, 1987; Halliwell et al., 1995) . For all these induction conditions appropriate controls with and without 20% ethanol were run. The oxidation was performed at 37°C in a Dubnoff metabolic shaker bath under air atmosphere and in the dark. Aliquots of the reaction mixture were removed periodically and analysed as described below.
Assay of lipid peroxidation products
The formation of thiobarbituric acid reactive substances (TBARS) was measured on aliquots, corresponding to 1 mg phospholipids or 1 mg microsomal protein, added to 1 ml of TBA (0.75% dissolved in 0.5% sodium acetate), 1 ml TCA (10%) and 0.2 ml BHT (0.1% in ethanol) (Cordis et al., 1994) . The mixture was heated at 100°C for 20 min and then centrifuged for 15 min at 10000 rpm. The absorbance of the supernatant was measured at 535 nm against appropriate blanks. The formation of the conjugated diene was followed by recording the absorbance at 233 nm. For this purpose aliquots of incubated liposomes (0.5 mg phospholipids), were dissolved in ethanol (3 ml), whereas aliquots of incubated microsomes (0.5 mg protein), were extracted (chloroform/methanol, 2:1 v/v) and the residue dissolved in ethanol (3 ml) (Palozza and Krinsky, 1991) . None of the test compounds interfered with the TBARS and conjugated diene assays.
E6aluation of IK-1 amount, by HPLC analysis
The IK-1 amount formed during the oxidation of IK-3 or decreased during IK-1 incubation was monitored in the reaction mixture by HPLC analysis. Liposomes (2 mg phospholipids/ml) or microsomes (1 mg protein/ml) were preincubated at 37°C in the presence of IK-3 or IK-1 (20 vM) added in ethanol (20%), then lipid peroxidation was induced. At different times aliquots (100 vl) were withdrawn and methanol (60 vl) was added to them; 80 vl of the resulting solution were directly analysed by HPLC. Under these conditions the IK-1 retention time was 12 min. Standard curves were prepared by adding different amounts of IK-1 (2-40 vM) to liposomes or microsomes, but incubation was avoided. Aliquots (100 vl) were withdrawn and diluted as described above; the range of injected IK-1 amounts was 0.1-2 nmol.
Results and discussion
The steroidic nitroxyls, IK-1/IK-2, were newly synthesized by a similar reaction sequence, starting with 5h-cholestan-3-one and methyl 7h,12h-diacetoxy-3-oxo-5i-cholan-24-oate, respectively (Fig. 1) . The hydroxylamine IK-3 was also prepared from IK-1 (Fig. 2) to investigate the mechanism of IK-1 action. Structure and purity were established by physico-chemical methods. The cholestane and cholic acid nuclei were chosen as representatives of less (cholestane) and more polar (cholic acid) steroidic moieties. The IK-1/IK-2 activity was compared with that of known antioxidants: TEMPO, chosen for its ability to react mainly with primary radicals, (Mitchell et al., 1990; Voest et al., 1994; Nilsson et al., 1989 ) and h-tocopherol for its chain-breaking antioxidant capability (Niki, 1987; Halliwell et al., 1995) .
To check the inhibition ability of IK-1/IK-2 on Fenton's induced lipid peroxidation, we first used heterogenic multilamellar liposomal system and IK-1/IK-2 (20 vM) were incorporated directly into the lipids before liposome preparation. They were found to actively reduce TBARS formation (80%) but were unable to initiate lipid peroxidation in liposomal controls (data not reported). These positive results prompted us to search for solvents and preincubation times suitable for testing IK-1/IK-2 activity in a microsomal system. The best conditions for TBARS inhibition (80%) were obtained when spin labels dissolved in ethanol (20% final concentration), were added to the liposomal system which was then preincubated for 10 min before peroxidation induction. 
Evaluation of decreased IK-1 amount and TBARS inhibition in lipid peroxidation induced systems. Microsomes or heat pre-treated microsomes (1 mg protein/ml) and liposomes (2 mg phospholipids/ml), were preincubated for 10 min with IK-1 (20 vM) added dissolved in ethanol (20%). After the addition of Fenton's reagent aliquots were removed at the indicated time and used for the evaluation of the actual IK-1 amount by HPLC analysis and TBARS assay. n.d: value under the detection limit (B2 nmol).
Similar conditions (same solvent and preincubation time set-up for liposomes) were then adopted to evaluate the antioxidant activity of IK-1/IK-2 in experiments carried out using rat liver microsomal system. Also in this system, IK-1/IK-2 were not able to induce lipid peroxidation when incubated for up to 4 h in controls. The results (Fig. 3) showed that IK-1 and IK-2 actively inhibited TBARS production (80%) when they were respectively preincubated for 10 and 30 min before the Fenton's reagent addition. An identical preincubation time was also required by h-tocopherol which reached its highest inhibitory activity, to the same extent as IK-1 (84%), after 10 min preincubation (without preincubation, the inhibition accounted for 30%). In contrast TEMPO showed a lower antioxidant ability (40%) regardless of the preincubation time. IK-1 and to a lesser extent IK-2, also inhibited the conjugated diene formation. The ethanol amount needed to dissolve the steroidic nitroxyls appears high. However, induced controls (liposomes and microsomes) run with and without 20% ethanol generated the same amount of TBARS and conjugated diene thus excluding any interference of ethanol in lipid peroxidation. This is in agreement with various reports showing that ethanol, even added to microsomes at 50 mM concentration, does not affect lipid peroxidation (Shaw et al., 1984; Nakajima et al., 1992) .
In some experiments both the concentration of IK-1 and the entity of TBARS formation were monitored as a function of the incubation time (Table 1) . On comparing the behaviour of IK-1 incubated with microsomes, heat pre-treated microsomes and liposomes it was found that the IK-1 amount in the microsomes decreased significantly (PB 0.05) after 10 min incubation but reached a stable value, corresponding to 50% of the initial concentration after 120 min; the inhibition of TBARS accounted for 72%. On the contrary, in heat pre-treated microsomes and liposomes, the IK-1 amount decreased continuously and disappeared completely after 120 min as did TBARS inhibition. This led to our suspecting that during experiments in the presence of microsomes an enzyme-mediated process could partially restore IK-1 concentration from a possible transformation compound. Thus on the basis of various reports showing that many nitroxyl radicals in lipid peroxidation inhibition are reversibly reduced to the corresponding active hydroxylamines (Nilsson et al., 1989; Miura et al., 1993; Nilsson et al., 1990) , we considered hydroxylamine IK-3 to be the more probable transformation product of IK-1 in microsomes. Thus IK-3 was prepared and experiments were performed to check its antioxidant ability and its possible reoxidation to IK-1. According to some authors, IK-3 could be transformed to IK-1 by superoxide anions (Rosen et al., 1982; Samuni et al., 1988; Belkin et al., 1987) , by reactions dependent on a transition metal (Rosen et al., 1982) or by enzymes (Rosen and Rauckman, 1977; Chen and Swartz, 1988; Chen et al., 1989; Iannone et al., 1990 ). In our experiments, when IK-3 (20 vM) was preincubated for 10 min with microsomes then subjected to peroxidation by Fenton's reagent, the appearance of IK-1 (75% of the added IK-3 amount) was evident and associated with an inhibition of the TBARS level (8294%; results not reported). On the contrary, IK-3 incubated with heat pre-treated microsomes and liposomes failed to show any formation of IK-1 or any ability to inhibit lipid peroxidation. Thus, there appeared the strong possibility that the oxidation of the inactive IK-3 to IK-1 occurred through an enzymatic microsomal system. However, the involvement of enzymatically generated superoxide anions was excluded by incubating IK-3 with heat pre-treated microsomes and inducing lipid peroxidation by Xan/XO, a system able to generate superoxide anions. In this case there was no depletion of TBARS with respect to the appropriate controls and HPLC revealed no IK-1 appearance. In the same system IK-1 showed its ability to inhibit TBARS formation (609 2%). Thus an enzymatic process, similar to those observed for non steroidic hydroxylamine, should occur with IK-3.
Finally, since the behaviour of IK-1 appears similar to that of h-tocopherol, IK-1 could act as a chain-breaking antioxidant; this was checked by inducing lipid peroxidation in microsomes by AMPH, an aqueous azo-initiator which generates peroxyl radicals. The results (Fig. 4A) show that IK-1 almost totally inhibits the formation of TBARS up to 120 min, showing a radical scavenger activity like that of h-tocopherol. After 120 min, the effect of IK-1 and h-tocopherol starts to decrease, reaching 50% inhibition at 240 min. These experiments also investigated IK-2 but its antioxidant capability was lower and TBARS formation reached the control value in 240 min. In parallel experiments TEMPO, the positive control, showed no significant protection against TBARS formation. To interpret the potential of IK-1/IK-2 as scavengers of peroxyl radicals in vivo, it was essential to ascertain whether or not there was any interaction with antioxidants (e.g. h-tocopherol and ascorbic acid) as such interac- tion could possibly lead to a complete loss of antioxidant activity or to an indirect peroxidation initiation. This prompted us to incubate IK-1 and IK-2 in the presence of ascorbic acid and h-tocopherol, single or together in equimolar quantities (20 vM), but no interference were observed; in fact IK-1 and IK-2 maintained their total activity and no TBARS formation was observed in no induced control (data not reported). However, ascorbic acid at very high concentration (300 vM) significantly extended the antioxidant ability of IK-1 for up to 240 min incubation (80% inhibition; Fig. 4B ). This could be due to the reduction of IK-1 to IK-3 which, as we observed, can be reoxidated to IK-1 by enzymes.
In conclusion, we have presented evidence that the two stable steroidic nitroxyl radicals IK-1 and IK-2 possess properties that decrease lipid peroxidation in microsomes. The more lipophilic, IK-1, shows an inhibitory activity comparable to that of h-tocopherol, confirming that a good affinity for cell membranes improves the activity of lipid peroxidation inhibitors. The results appear favourable indications for a possible use of these steroidic nitroxyls in vivo, provided their atoxicity is ascertained in cell cultures.
